A simple general method is developed to predict forced convection heat transfer from isothermal body shapes such as flat plates, infinite circular cylinders, and spheres for a wide range of both Reynolds number and Prandtl number. The proposed method is based on linearization of the thermal energy equation that is accomplished by the introduction of an effective velocity that is related to the freestream velocity. Next, the linear energy equation is transformed to an equivalent transient heat conduction equation that has existing solutions. These solutions are retransformed to the final expression as a function of the effective velocity that is defined in the limits of Pr + m and Pr + 0 using scaling analysis. The approximate analytic solutions are in closed form, they are simple and quite accurate when compared with previous experimental and analytical studies.
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Introduction
XTERNAL forced convection heat transfer from iso-E thermal or isoflux external convex surfaces is an important problem for engineers. There are many engineering systems that are modeled using forced convection, such as electronic components on printed circuit boards placed in cabinets, hot wire anemometer, and heat exchanger design.
A schematic of the different body shapes, which are investigated in this study, is shown in Fig. 1 . These different body shapes are maintained at T.( and the environment is maintained at T,. These bodies are subjected to a uniform steady flow. The present study is concerned with the effects of Reynolds number, Prandtl number, and velocity profiles on forced convection heat transfer from isothermal surfaces such as flat plates (FP), infinite circular cylinders (ICC) and spheres.
Literature Survey
The objective of this section is to present a brief summary of some previous studies dealing with external forced con- vection heat transfer from flat plates, infinite circular cylinders, and spheres. This summary will also show limitations in the previous investigations and their discrepancies.
Flat Plates
Forced convection from isothermal flat plates has been investigated since the beginning of this century and different solutions have been developed for specific ranges of Pr and Re,. In addition, other investigations have been done to provide better understanding of the problem such as the recent study of Yovanovich et al.' However, the effect of velocity profiles as a function of Reynolds number on the heat transfer results has not been investigated in previous studies such as Pohlhausen (see Kays and Crawford'), Schlichting,3 and Yovanovich et al. ' Furthermore, there are disagreements between experimental studies and analytical studies such as the investigations of Slegel a n d Hawkins,4 P a r m a l e e a n d Huebscher,' and Knudsen and Katz."
Circular Cylinders
Numerous studies have been done to correlate heat transfer by forced convection from circular cylinders in crossflow in the following form: Nu,J = Nu,J (Re,,, Pr 
Spheres
Steady forced convection heat transfer from isothermal spheres into a substantial amount of fluid has been investigated experimentally, theoretically, and numerically by many researchers."
The effects of Pr, Re,, and velocity profiles on forced convection heat transfer have also been investigated for this case by Refai Ahmed and Yovanovich" using an approximate analytical method.
Remarks
Exact solutions for forced convection heat transfer from arbitrary body shapes are very difficult to obtain, since the governing equations dealing with this type of problem are nonlinear. Furthermore, the researchers, who investigated this problem analytically, developed their solutions for specific ranges of Prandtl and Reynolds numbers. The difficulties of predicting forced convection heat transfer are summarized as follows: 1) Starting with the full governing equations creates difficulties to the analytical solution due to the nonlinear equations and the pressure change over arbitrary body shapes. In addition, consideration of flow separation over the body shapes precludes any further analysis of the governing equations.
2) Numerical techniques are expensive and also require large computational effort.
3) Experimental techniques are time-consuming, expensive, and test specific.
Objectives
In the present investigation an approximate analytical study will be conducted to determine the effect of various parameters upon the area-averaged Nusselt number. One of the important goals of the present study is to consider the effects of Reynolds number, Prandtl number, and velocity profiles on the area-averaged Nusselt number. Also, a general model for forced convection heat transfer from flat plates, infinite circular cylinders, and spheres will be developed in the following form:
where Nu') is the area-averaged Nusselt number at the diffusive limit, C , is a constant that depends on the body shape, and F(Pr, 7,) is a function that depends on fluid properties and velocity profiles through the parameter y , , where y , is a function of Reynolds number.
Theoretical Analysis
The proposed approximate analytical method can be outlined as follows: one must convert the energy equation to a linear partial differential equation; furthermore, the new linear partial differential equation can be transformed to a transient equation in order to obtain the final form of N u , as a function of area-mean effective velocity 3',; the next step is to examine the governing equations using scaling analysis for ReI >> 1 and Pr >> 1, and Re, >> 1 and Pr << 1 in order to determine 3<,; this is accomplished by applying scaling analysis inside the hydrodynamic boundary layer for both the continuity and momentum equations to obtain S i 2 ; in addition, one must apply scaling analysis inside the thermal boundary layer for both the continuity and energy equations in order to obtain SA%; one can define 3; through momentum balances inside the thermal boundary layer; by contrast, one can obtain from the right side of the flow chart the definition of Cy, which presents the case of Pr << 1 and Re,l >> 1, by applying boundary-layer concepts; and finally, one applies a "blending" method in order to find 3<, for all Prandtl numbers and then substitute it in the Nusselt number to obtain the final expression. Figure 1 shows an isothermal FP, ICC, and sphere of temperature T( and length L for the FP, and diameter 0 for both the ICC and the sphere, which are immersed in a steady, laminar, and incompressible flow of a constant property fluid (0 < Pr < x ) at constant temperature T, and uniform up- where the parameters (scale factors, coordinates, and velocity components) for the FP, ICC, and sphere are given in Table  2 . We further assume that viscous effects are confined to a thin hydrodynamic boundary layer 6 , and that the flow is inviscid outside the boundary layer. One can neglect conduction in the x2 direction by comparing it with conduction in the x I direction. Table 3 shows the comparison between the order of magnitude of these terms that have been evaluated by scaling analysis. The area-averaged effective velocity will be determined in the following sections. Table 4 shows step-by-step how one can determine 6: for the different body shapes when Pr + m, Re, >> 1 and 6 >> 6,.
Definition of I ? : as Pr + 03

Definition of 6: as Pr + 0
Let us consider that the body is immersed in an inviscid flow, Le., Pr + 0 and Re, >> 1. Therefore, the thermal boundary layer (TBL), 6,, around the body is very thick relative to the hydrodynamic boundary layer (HBL) 6. Therefore, at the edge of the TBL, we have the following relationships at the edge of the HBL: ~l (~+~)~~) = V , for F P In addition to the usual postulates, the H B L will be presumed to be thin relative to the radius of the cylinder o r the sphere. Therefore, 7181n+I,ir = V = 2V, sin 0 (for ICC) and l.5Vx sin 0 (for sphere). Furthermore, the local velocity at arbitrary 0 will be considered uniform across the TBL. The area-mean effective velocity is
where C,, = 1, 1.273, and 1.178 for the FP, ICC, and sphere, respectively.
Definition of I?, for all Pr
The method of Churchill and Usagi'" "blending technique" will be used to develop a general expression for 8, valid for all Pr. The effective velocity can be determined in the following form based on the study of Refai Ahmed and Yovanovichl I :
Substituting 7))! and 7); in Eq. (17) gives the effective velocity as a function of Prandtl number, power-law parameter y, and blending parameter n
_ -
where 0 < y < 1 and 0 < Pr < so. The values of n and y will be determined in the following section. in the range of Re, from 10'to 10'. In addition, the correlation of Zukauskas and Ziugzda" shows the same agreement with the present model at Pr = lo', but for Pr = 0.71 there is a difference of 12%. Furthermore, the study of Zukauskas and Ziugzda" is in very good agreement up to Re, = 10' (maximum difference is 5%). The Churchill and BernsteinH correlation has a maximum difference of 35% with the present model at Re, = 10'. Achenbach"' introduced experimental relationships between N u , and Re, over the range 3 x lo4 < Re, < 4 X lo", for LID = 1.36. Achenbach"' indicated that his experimental data were higher than Hilpert,"' and this is due to blockage and low span ratio LID effects in Hilpert. Io Unfortunately, the present model cannot be compared against Achenbach,'" where this model is valid up to Relj = 10'. Figure 2c shows the comparisons between the present model [Eq. (19) ], for the sphere and previous s t u d i e~" -" . " . " .~~.~'~~~) for various Prandtl numbers. One observes that the maximum difference between the previous studies correlations and the present model in the range of 1 < Re,> < 10' is approximately 11%, which generally occurs at Re,, = 10'. O n the other hand, there is almost a 33% difference between the present model and that of Sideman.'? The main reason for this is that Sidemant4 approximated the convective term of the energy equation by assuming (V,Ir)(dT/dO), and neglecting the curvature of the sphere with respect to the radial conduction. Achenbach" obtained experimental data up to Re, = 5 x 10" and he had good agreement with Yuge." Therefore, the present investigation is also in agreement with Achenbach"
Sphere Model and Data Comparison
(where the present study has good agreement with YugeZ5 as shown in Fig. 2c) .
Finally, one can conclude from Fig. 2 that the constant C, for the flat plate, infinite circular cylinder, and sphere are 1.128, 1.015. and 0.775, respectively. In addition, F(Pr, 7, ) has the general form Prl"
[(2y, + 1); + lIPr]"" for the FP. ICC, and sphere.
Design Correlations
The approximate analytical solutions are developed based on the scale length of L for FP and D for ICC. However, it is important to introduce a general solution for plates and circular cylinders. Therefore, Eq. (19) will be rewritten based on fi as follows:
The ratio of (-ID) IS of order The equations of F P and ICC become functions of WIL and LID, respectively. Therefore, the diffusive limit must be included in the solutions as follows:
The diffusive limits for circular cylinders and rectangular plates can be estimated, within ? S % , as follows (more details in Ahmed'? and Yovanovich"): Circular cylinders
Rectangular plates
Summary and Conclusions
A forced convection heat transfer method based on an approximate analytical approach is developed for simple body shapes such as the flat plate, infinite circular cylinder, and sphere. This method is valid for the range of Reynolds number, 0 < Re, < lo5, and all values of the Prandtl number. In addition, the present method considers the effect of the velocity profile as a function of Reynolds number on the forced convection heat transfer. Also, this technique is shown to be in very good agreement with numerous previous investigations. Furthermore, F(Pr, 7,) was obtained in a general form that is valid for the FP, ICC, and sphere. Finally, this investigation has led to design correlations for circular cylinders and rectangular plates [Eq. (22) 
